It is well known that arsenic and its compounds vary in toxicity according to the oxidation states and chemical forms of the arsenic. 1 Not only in environmental chemistry, but also in the geochemistry as background of the former, the arsenic contained in environmental samples must be examined in its existing chemical forms and determined in concentration and distribution according to its chemical forms.
An analytical method using atomic absorption spectrometry in which a water sample containing arsenic is sprayed directly into a flame is quite low in sensitivity, and has been applied to only a limited number of samples. In recent years, the following method has been widely used because of its high sensitivity: arsenic is transformed into arsine by use of a sodium tetrahydroborate(III) solution and introduced into an argon(nitrogen)-hydrogen flame or a heated quartz cell to atomize for atomic absorption spectrometry. [2] [3] [4] [5] [6] [7] The authors 8 previously reported an analytical method to determine arsenic contained in geothermal water as follows: after adjusting the acidity of a geothermal sample, the arsenic in it is transformed into arsine by using a sodium tetrahydroborate(III) solution, introduced into a nitrogenhydrogen flame to atomize for atomic absorption spectrometry, and thus subjected to a differential determination of inorganic arsenic(III) and the sum of the arsenic(III + V) species by means of using a calibration curve based on the relation between the peak height of the corresponding spectral lines and the concentration of arsenic.
For the determination of arsenic contained in solid samples, a pretreatment of the samples is necessary. In the pretreatment of solid samples, a mixed acid 9 of nitric-sulfuric-perchloric is generally used. In the case of samples such as soil, sediment and a living body, for instance, which contain a large amount of organic substances, the loss of arsenic 10 can possibly take place when nitric acid is consumed before the organic substances are completely decomposed. To avoid such a problem, some chemical agents, like potassium permanganate and perchloric acid, are added to keep the arsenic in a form of arsenic(V) during the decomposition operation. Terashima et al. 11 used a Teflon beaker for decomposing a sample containing arsenic, and reported a wet decomposition method using a mixed acid of perchloric acid-nitric acid-potassium permanganate. For decomposing a sample containing silicates, they added more hydrofluoric acid. Yamamoto et al. 6 used a Kjeldahl flask in the sample decomposition operation, and reported a decomposition method using a mixed acid of nitric-sulfuric-hydrochloric acid. Maeda et al. 12 reported such an arsenic analytical method as follows: a sample was added to magnesium nitrate, subjected to wet decomposition, dissolved in an aq. solution of hydrochloric acid and potassium iodide, and back-extracted in chloroform, which was then subjected to a total arsenic determination by the use of a carbon tube atomizer-AAS system. Jin et al. 13 examined not only p-arsanilic acid, but also arsenobetaine by a mixed acid of nitric-perchloric-sulfuric. However, the detailed conditions, such as temperature and time of decomposition, are not shown. The authors investigated in detail the temperature and decomposition time using inorganic, organic arsenic environmental standard samples, such as sediments and biological samples.
The purpose of the present study was to establish the pretreatment method of solid samples, such as sediments and biological samples, for total arsenic determination inclusive of organic arsenic. By using samples of inorganic and organic arsenic compounds and solid samples, the temperature and decomposition time for the pretretment were performed in detail for the wet decomposition methods using A method is described for the determination of total arsenic by hydride generation-atomic absorption spectrophotometry using a mixed acid as a pretreatment. Hydride generation is done by the flow-injection method. The authors investigated in detail the temperature and time of decomposition using inorganic, organic arsenic and environmental standard samples, pretreated with nitric-perchloric-sulfuric mixed acid. By using a mixed acid as a pretreatment agent at 220˚C, the decomposition time could be shortened and the blank value of arsenic from the reagents used was reduced. The mixed acid of nitric-perchloric-sulfuric was also found to be effective as a pretreatment agent for organic arsenic compounds in which a dimethylated compound, sodium cacodylate or biological samples, is known to be one of the indecomposables. The present approach was proved to be satisfactory as a pretreatment for the quantitative analysis of trace amounts of total arsenic in liquid or solid environmental samples, such as geothermal water, sediments and biological samples. nitric-perchloric-sulfuric mixed acids. The present approach was proved to be satisfactory as a pretreatment for the quantitative analysis of trace amounts of total arsenic in solid environmental samples, such as sediments and biological samples.
Experimental

Apparatus and reagents
Atomic absorption measurements were performed with a Nippon Jarrel-ash Model AA-890, equipped with a heated quartz cell supplied with nitrogen, and with a Hamamatsu T.V. hollow-cathode lamp. The absorbances were recorded with a Shimadzu U-125 MN recorder. A Nippon Jarrel-ash arsine generation system (Model HYD-10) and arsine atomizer (Model HYD) were used. A schematic diagram of the analytical apparatus is given in Fig. 1 . The sample or calibration solution was injected into the end of a mixing coil using a peristaltic pump. Hydride was subsequently formed by mixing the sample solution and a sodium tetrahydroborate(III) solution, and then swept continuously into the heated quartz cell setting in AAS.
For the carrier gas, nitrogen gas was used. For the atomizer of arsine, a heated quartz cell (9 mm i.d., 150 mm in length) was used.
Standard solution of arsenic(III), 1000 mg l -1 .
A commercially available arsenic(III) standard solution for atomic absorption was obtained from Nacalai Tesque Co. The working solutions (0.1 mg l -1 ) were prepared by diluting this solution with 0.1 M hydrochloric acid.
Standard solution of arsenic(V)
, 1000 mg l -1 .
An amount of 2.40 g potassium dihydrogenarsenate(V) was dissolved in distilled water, and then diluted to 1000 ml with pure water. Standard solution of organic arsenic, 1000 mg l -1 . An amount of 0.291 g p-arsanilic acid was dissolved in pure water, and then diluted to 1000 ml with pure water. Standard solution of organic arsenic, 1000 mg l -1 . An amount of 0.295 g sodium cacodylate trihydrate was dissolved in pure water, and diluted to 1000 ml with pure water. Sodium tetrahydroborate(III) solution (3% solution containing 0.1 M sodium hydroxide). Six grams of sodium tetrahydroborate(III) were dissolved in 200 ml of 0.1 M sodium hydroxide solution.
The acids (hydrochloric acid, nitric acid, sulfuric acid, perchloric acid) for measurements of toxic metals were used.
All other reagents used were of analytical reagent grade purity, and ultrapure water was prepared by purifying distilled water with a Milli-Q SP system just before use.
Determination of the sum of inorganic arsenic(III + V) species
The standard procedure for the determination of arsenic species was as follows (the instrumental conditions are given in Table 1 ):
An aliquot of the sample solution was injected into the reagents carrier stream by a peristaltic pump. A hydrochloric acid, potassium iodide and sodium tetrahydroborate(III) solution were merged into the reagent carrier stream downstream of the confluence points. The reaction proceeded in a reactor and arsine was evolved. The arsine passed through a heated quartz cell (1000˚C) by passing nitrogen gas; arsenic was then determined by AAS at 193.7 nm wavelength. The flow rate of the carrier gas was set at 0.2 l/min. The measurement of arsenic was carried out from 7 s to 65 s after injecting the sample solution. Any waste in the separator was discarded in a waste tank. Figure 2 summarizes the optimum conditions for determining the sum of the inorganic arsenic(III + V) species.
Pretreatment and determination of total arsenic
A sample was put in a 50 ml long-necked flask, added with 1 ml of pure water, 2 ml of 61% nitric acid-60% perchloric acid mixture (volume ratio of 1:1) and 2 ml of concentrated sulfuric acid. The solution was allowed to stand for 5 min and was then heated on a hot plate at 250˚C for 90 min to decompose. After cooling down, it was diluted to a definite volume (50 ml) by adding pure water. After the pretreated sample was injected in a hydride generation system, the arsenic content was determined using the verified method for determining the sum of the inorganic arsenic(III + V) species. A total arsenic determination of environmental samples (sediments, biological samples etc.) was performed using the pretreatment method shown in Fig. 3 , which was also applied to samples of organic arsenic compounds and solid samples. As for solid samples, they were used after being powdered using an agate mortar. After the pretreatment method using a mixed acid of nitric-perchloric-sulfuric, the total arsenic concentration was determined by an analytical method involving the sum of the inorganic arsenic(III + V) species.
Results and Discussion
Calibration curves
The calibration curves for arsenic(III), arsenic(V), p-arsanilic acid and sodium cacodylate in determining the sum of the inorganic arsenic(III + V) species are shown in Fig. 4 .
The calibration curves for the arsenic(III) and arsenic(V) used in the arsenic determination method were obtained with good accordance linearity within the concentration range from 0 to 10 µg l -1 . Therefore, the sum of arsenic(III) and arsenic(V) can be determined by this method. However, using p-arsanilic acid organic arsenic is determined only 30% of the total concentration, and sodium cacodylate is hardly determined. Therefore, a pretreatment is necessary in order to determine the organic arsenic quantitatively as well as the inorganic arsenic.
Sample pretreatment for a total arsenic determination
By using the method for determinining the sum of inorganic arsenic(III) and arsenic(V) species verified as above, standard solutions of arsenic(III) and samples of p-arsanilic acid and sodium cacodylate as reference materials for organic arsenic compounds were subjected to arsenic determination without any sample pretreatment; the results are shown in Fig. 4 . A method aimed at the determination of inorganic arsenic(III + V) species was found to be impossible to determine organic arsenic perfectly. This fact led to the idea that solid samples containing organic arsenic should be pretreated by some means to transform any organic arsenic to an inorganic form. In the group of methylated arsenic compounds, a dimethylated compound, sodium cacodylate, is known to be indecomposable. It was therefore presumed that if any method could be found to decompose sodium cacodylate or biological samples containing arsenobetaine dimethylarsenic acid in tuna fish tissue (CRM 627) 14 completely, all other organic arsenic compounds could also be decomposed.
The samples of inorganic arsenic(III) and those of p-arsanilic acid and sodium cacodylate as reference materials for organic arsenic compounds were treated by the sample pretreatment method using a mixed acid of nitric-perchloric-sulfuric, and then subjected to arsenic determination using the verified method for determining the sum of inorganic arsenic(III + V) species; the results are given in Table 2 .
It was proven from these results that the use of a sample pretreatment method using a mixed acid of nitric-perchloric-1069 ANALYTICAL SCIENCES SEPTEMBER 2001, VOL. 17 sulfuric can give 100% recovery of arsenic for samples of inorganic arsenic(III) as well as of p-arsanilic acid and sodium cacodylate used as reference materials for organic arsenic compounds.
Effect of the heating temperature and time on the recovery of arsenic
Using a sample of sodium cacodylate containing 0.050 µg of arsenic, the sample pretreatment method (shown in Fig. 3 ) was examined in terms of the effect of the heating temperature and time on the recovery of arsenic. The results are shown in Fig. 5 . Heating the solution on a hot plate at ca. 250˚C increased the temperature inside the decomposition vessel rapidly to 220˚C for ca. 60 min, while after 90 min the temperature gradually increased with time. As can be seen from Fig. 5 , the recovery of arsenic from sodium cacodylate was constant (100%) irrespective of the time from 60 min to 90 min. Therefore, subsequent experiments were conducted at ca. 220˚C for the solution temperature and 90 min for the heating time. Table 3 gives the reproducibility for standard arsenic solutions in several arsenic forms using a pretreatment method with a mixed acid of nitric-perchloric-sulfuric under the optimum conditions. The table indicates that 0.30 and 0.50 µg of arsenic (inorganic and organic arsenic) were determined with an excellent reproducibility by a pretreatment method using a mixed acid of nitric-perchloric-sulfuric.
Reproducibility
The detection limit (based on S/N = 2) in the determination for an inorganic(III + V) arsenic analysis was found to be 0.14 µg l -1
. In five times repetitive measurements of samples containing 0.10 µg of arsenic, the average value and the relative standard deviation were 0.098 µg and 4.1%, respectively. Furthermore, in a comparison between the calibration curves obtained by the peak area (RSD 1.9%) and the peak height methods (RSD 4.3%), the former curve gave a smaller relative standard deviation at each of concentration for use of the former curve than the latter, indicating the higher reproducibility of the former. In subsequent experiments, the preparation of a calibration curve was therefore done using the peak area method.
Intercalibration of the total arsenic concentration using standard samples
By using standard samples, pond sediments, 15 mussel, 16 vehicle exhaust particulates 17 and sargasso 18 now available produced by NIES (National Institute for Environmental Studies), the sample pretreatment method using a mixed acid of nitric-perchloric-sulfuric was compared in terms of the total arsenic determination; the results are given in Table 4 . As can be seen in Table 4 , the sample pretreatment methods using the mixed acid of nitric-perchloric-sulfuric gave values closer to the certified values, excluding the vehicle-exhaust sample.
Application to actual samples
By using a sample pretreatment method with mixed acids of nitric-perchloric-sulfuric for a total arsenic determination, actual samples added with inorganic arsenic(III) and organic arsenic (sodium cacodylate) were subjected to wet decomposition, which were then brought to arsenic analysis using the verified 1070 ANALYTICAL SCIENCES SEPTEMBER 2001, VOL. 17 method for determining the sum of inorganic arsenic(III + V) species, and were studied in terms of the recovery of arsenic. The analytical results are given in Table 5 . The results were obtained with a good recovery of arsenic for almost all samples. From these, it is concluded that the present pretreatment method using a mixed acid of nitric-perchloric-sulfuric is sufficiently applicable to actual samples.
It is important in hydride generation AAS using flow injection to separate the hydride gas from the environmental samples. The method for determining inorganic arsenic(III + V) species by means of AAS using a flow-injection hydride generation system can rapidly analyze arsenic contained in a liquid sample at a concentration level of 0.1 to 10 µg l -1 . With the aim for the total arsenic determination of liquid and solid environmental samples, various environmental samples were investigated in detail using the mixed acid decomposition method. By a combined use of nitric-perchloric-sulfuric mixed acid as a pretreatment agent with heating at 220˚C (solution temperature) for 30 min, samples of sodium cacodylate, tuna fish tissue (BCR No. 627) etc., which are well known as indecomposable organic compounds, were decomposed completely. From these, it was proven that the total arsenic in liquid and solid environmental samples, such as sediments and biological samples, can be determined by means of the verified method for determining the sum of the inorganic arsenic(III + V) species in liquid samples. The proposed pretreatment method using a mixed acid of nitric-perchloric-sulfuric was successfully used for determining trace amounts of total arsenic, and that can be sufficiently applied to real samples. 
